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Abstract. Lactic acid (LA) and glycolic acid (GA), which
are low-molecular-weight hydroxyacids, were identiﬁed in
the particle and gas phases within the marine atmospheric
boundary layer over the western subarctic North Paciﬁc. A
majorportionofLA(81%)andGA(57%)waspresentinthe
particulate phase, which is consistent with the presence of a
hydroxyl group in these molecules leading to the low volatil-
ity of the compounds. The average concentration (±SD)
of LA in more biologically inﬂuenced marine aerosols
(33±58ngm−3) was substantially higher than that in less
biologically inﬂuenced aerosols (11±12ngm−3). Over the
oceanic region of phytoplankton blooms, the concentration
of aerosol LA was comparable to that of oxalic acid, which
was the most abundant diacid during the study period. A pos-
itive correlation was found between the LA concentrations
in more biologically inﬂuenced aerosols and chlorophyll a
in seawater (r2 = 0.56), suggesting an important production
of aerosol LA possibly associated with microbial (e.g., lac-
tobacillus) activity in seawater and/or aerosols. Our ﬁnding
provides a new insight into the poorly quantiﬁed microbial
sources of marine organic aerosols (OAs) because such low-
molecular-weighthydroxyacidsarekeyintermediatesforOA
formation.
1 Introduction
Ocean-derived organic aerosol (OA) is produced by wave
breaking on sea surfaces and/or formed via atmospheric re-
actions. These particles include high-molecular-weight, par-
tially oxidized biological compounds such as monosaccha-
rides and polysaccharides, fatty acids and alcohols, amines,
and amino acids (e.g., Mochida et al., 2002; Facchini et al.,
2008; Russell et al., 2010). The fate of organics in marine
aerosols is highly uncertain. Zhou et al. (2008) reported that
organic matter (OM) in marine aerosols may act as an impor-
tant precursor/source and dominant sink for the OH radical.
This leads to the degradation of OM and the production of a
series of low-molecular-weight (LMW) organic compounds,
which are typically found in water-soluble organic carbon
(WSOC) aerosols. However, most WSOC in marine aerosols
remains uncharacterized at the molecular level. For exam-
ple, chemical characterization of submicron marine WSOC
over the Atlantic Ocean revealed that uncharacterized or-
ganic compounds including organic acids (e.g., mono- and
diacids) accounted for more than 50% of WSOC (Rinaldi et
al., 2010).
Organic acids are a ubiquitous component of ambient air
(Chebbi and Carlier, 1996). Gas–particle phase partitioning
of organic acids is one of the key factors controlling the for-
mation and lifetime of OA. Liu et al. (2012) measured gas
and particle phases of formic acid in Los Angeles, CA, and
revealed that the observed concentrations of formic acid in
the particulate phase were higher than those explained by
theory. Yatavelli et al. (2014) measured the phase partition-
ing of various organic acids in a pine forest using a micro-
oriﬁce volatilization impactor high-resolution time-of-ﬂight
chemical ionization mass spectrometer. They suggested that
the numbers of carbon and oxygen atoms in species, together
with the ambient temperature, control the volatility of or-
ganic acids.
Lactic acid (LA) is a monocarboxylic acid with a hydroxyl
group adjacent to the carboxyl group. Glycolic acid (GA) is
the smallest α-hydroxyacid and is highly water-soluble. Am-
bient hydroxyl monocarboxylic acids including LA and GA
have been identiﬁed in precipitation (Kieber et al., 2002),
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fog/cloud water (Raja et al., 2008; Sorooshian et al., 2013),
and snow pack samples (Kawamura et al., 2012). Fisseha et
al. (2004) identiﬁed LA in the gas and aerosol phases from
photooxidation of 1,3,5-trimethylbenzene in smog chamber
experiments. Warneck (2005) investigated the multi-phase
chemistry of C2 and C3 compounds using a box model and
suggested that LA, which has no gas-phase sources, is pro-
duced in the aqueous phase of clouds under marine atmo-
spheric conditions. Hydroxymonocarboxylic acids are less
volatile and can be transformed into oligomers or organosul-
fates (Claeys et al., 2010; Olson et al., 2011), which may
be important pathways for additional sources of OA. How-
ever, the abundance, sources, and gas–particle partitioning of
such low-molecular-weight hydroxyacids in ambient air are
largely unknown.
In this paper, we report for the ﬁrst time LA and GA in
both the particle and gas phases in the ambient atmosphere
over the western subarctic North Paciﬁc in summer, where
primary production rates are among the highest in the world
oceans (Longhurst et al., 1995). We investigate their phase
partitioning, possible sources, and the potential processes re-
sponsible for their presence in the marine aerosols. Addi-
tionally, we discuss the importance of such low-molecular-
weight hydroxyacids as possible tracers of microbial activity
in marine organic aerosols.
2 Experimental
2.1 Aerosol and gas samplings
Atmospheric sampling was conducted over the subarctic
North Paciﬁc from 29 July to 19 August 2008 on board
the R/V Hakuho-Maru (KH08-2). Information on the cruise
track and back trajectories with average chlorophyll a dis-
tributions in surface seawater are given in Miyazaki et
al. (2010a). Organic acids in total suspended particulate mat-
ter and gas phase were collected at a ﬂow rate of 15Lmin−1
on the upper deck of the ship. The sampler for organic
acids was composed of two-step ﬁlters and a ﬁlter pack
(URG-2000-30FG). Before sample collection, 47mm diam-
eter quartz ﬁber ﬁlters were combusted (450 ◦C, 3h) to re-
move organic contaminants and stored in a clean glass vial.
Particulate organic acids were collected on a quartz ﬁber ﬁl-
ter (ﬁrst ﬁlter), and gaseous-phase organic acids were col-
lected on another quartz ﬁlter (second ﬁlter) impregnated
with potassium hydroxide (KOH) placed downstream of the
ﬁrst ﬁlter (Kawamura et al., 1985). It is possible that some
particulate-phase organic acids could have evaporated off the
ﬁrst ﬁlter and became trapped in the KOH impregnated ﬁl-
ter during sampling. This would have led to underestima-
tion of particulate-phase organic acids, and vice versa for
the gas phase. However, the ambient temperature during the
sampling period was relatively low (16.8±4.3 ◦C), which
in general favors phase partitioning into particles, as will be
discussed in Sect. 3.2. Therefore, any effect of this possible
artifact is thought to have been small. After sample collec-
tion, 36 ﬁlter samples for gas and particles were stored in
the glass vial with a Teﬂon-lined screw cap at −20 ◦C in a
freezer. During the cruise, marine air was drawn for 12–24h
per sample with no temperature or humidity control.
In addition to the sampler for organic acids, an Andersen-
type cascade impactor was also used for aerosol sampling
to measure methanesulfonic acid (MSA), oxalic acid, and
WSOC (Miyazaki et al., 2010b). Possible contamination
from the ship exhaust was prevented by shutting off each
sampling pumps during beam-side airﬂow and/or low wind
speeds (<5ms−1), resulting in an effective pumping time
of ∼82% during the sampling period. At each sampling
position along the cruise track, we show the chlorophyll
(Chl) a concentrations in the ocean derived from SeaW-
iFS data, available at NASA’s Goddard Space Flight Cen-
ter/Distributed Active Archive Centers (http://reason.gsfc.
nasa.gov/OPS/Giovanni/ocean.aqua.shtml).
2.2 Chemical analysis of atmospheric samples
We applied and modiﬁed the analytical method given by
Kawamura and Kaplan (1984) to determine hydroxymono-
carboxylic acids. A ﬁlter cut (8.67cm2) from each sample
was extracted with ultra-pure water. The extracts (15mL)
were then ﬁltrated and adjusted to pH8.5–9.0 with 0.1M
KOH (or 0.1MHCl) solution and then concentrated down
to 1mL. The concentrates were transferred onto a cation ex-
change column (K+ form). The organic acid anions were
eluted with four bed volumes of water into a 25mL pear-
shaped ﬂask and dried using a rotary evaporator and nitro-
gen blow-down system. Acetonitrile (4mL) was added to the
ﬂask, followed by α, p-dibromoacetophenone (0.2M, 50µL)
and a dicyclohexyl-18-crown-6 solution (0.02M, 50µL) as a
catalyst. The ﬂask was stoppered with a ground-glass stop-
per and a clamp. Esteriﬁcation of the RCOO−K+ was per-
formed by an ultrasonic bath and placing the ﬂask contain-
ing the sample in a warm bath at 80 ◦C for 2h. The reaction
mixture was dried with a rotary evaporator and then trans-
ferred onto the SiO2 column with n-hexane. Excess reagent
(α, p-dibromoacetophenone) was ﬁrst eluted with 10mL of
n-hexane/CH2Cl2 (2 : 1, v : v). The p-bromophenacyl es-
ters of organic acids were eluted into a 2mL vial with 2mL
of CH2Cl2 /methanol (95 : 5, v : v) and then dried in the vial
using a nitrogen gas ﬂow.
Furthermore, the OH functional groups in the phenacyl
esters were reacted with 50µL of N,O-bis-(trimethylsilyl)
triﬂuoroacetamide (BSTFA) to form trimethylsilyl (TMS)
ethers. The TMS derivatives were then analyzed for the de-
tection of hydroxymonocarboxylic acids using a capillary
gas chromatograph (GC: HP GC6890N, Hewlett-Packard,
Palo Alto, CA, USA) coupled to a mass spectrometer (MS).
Both the carboxyl and the hydroxyl groups within a molecule
are derivatized via current analytical methods, which allowed
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identiﬁcation of the hydroxymonocarboxylic acids (LA and
GA) as well as C1–C10 monocarboxylic acids. In this pa-
per, we report the concentrations of LA, GA, formic acid
(C1) and acetic acid (C2). Recoveries of authentic standards
spiked on the precombusted quartz ﬁber ﬁlter were 86% for
LA and 90% for GA. The recoveries for formic and acetic
acids were 92 and 93%, respectively. The detection limit for
these organic acids was 0.02ngm−3.
Todeterminemajoranionsincludingmethanesulfonicacid
(MSA) and cations, a piece (1.54cm2) of the aerosol ﬁl-
ter samples obtained by the cascade impactor was extracted
with ultra-pure water. The extract (10mL) was then ﬁltrated
using a membrane disc ﬁlter to measure inorganic ions us-
ing a Metrohm ion chromatograph (Model 761 compact IC).
Oxalic acid and WSOC were measured with quartz ﬁlters
sampled using a nine-stage cascade impactor (Miyazaki et
al., 2010b). A ﬁlter cut of 12.56cm2 was extracted with
ultra-pure water and then analyzed for oxalic acid and other
dicarboxylic acids using a capillary GC (Hewlett-Packard
GC6890N) equipped with a ﬂame ionization detector and
GC/MS. The mass concentrations of MSA, oxalic acid, and
WSOC reported here were integrated over each stage of the
impactor. Because the cascade impactor samples were ob-
tained every 48–72h, the hydroxyacid data are merged into
the cascade impactor data when hydroxyacids are compared
with MSA, oxalic acid, and WSOC in this paper.
3 Results and discussion
3.1 Marine biogenic tracers and classiﬁcation
of the samples
In our previous study (Miyazaki et al., 2010a, b), we used
MSA and azelaic acid as marine biological tracers to evalu-
ate the marine biological activity and its contribution to the
aerosols obtained during the study period. MSA is known to
be produced by the atmospheric oxidation of dimethylsulﬁde
(DMS), which is released as a gas from marine microbial
processes. It thus can be used as an indicator of secondary
aerosols of marine biological origin. Azelaic acid is derived
from the photooxidation of unsaturated fatty acids that are
produced by marine phytoplankton and emitted to the atmo-
sphere via the marine microlayer (Mochida et al., 2002).
Based on the concentrations of MSA and azelaic acid
in aerosols sampled during the same cruise, Miyazaki et
al. (2010a) classiﬁed the aerosol samples into two categories:
more biologically inﬂuenced aerosols (MBAs), composed of
17 samples obtained during 30 July–9 August, and less bio-
logically inﬂuenced aerosols (LBAs), composed of 12 sam-
ples taken during 9–19 August. Back trajectories suggest that
sampled air masses with MBAs were transported within the
marine boundary layer (MBL) and frequently encountered
oceanic regions with high productivity upwind of the sam-
pling locations. The back trajectory analysis, together with in
situ measurements of primary production in seawater, is con-
sistent with the larger abundance of MSA and azelaic acid in
MBAs (Miyazaki et al., 2010b).
3.2 Identiﬁcation and phase partitioning of
low-molecular-weight hydroxyacids
Figure 1 shows a time series of LA and GA concentrations
in the particle and gas phases during the entire cruise. The
average concentrations of LA and GA are shown in Table 1
for the MBA and LBA period. Particle-phase LA was found
to be 4 times more abundant than gas-phase LA for the MBA
period. Similarly, the LA mass in the particle phase was 3
times larger than that in the gas phase for the LBA period.
Here the particle-phase fraction (Fp) of an organic acid is de-
ﬁned as the ratio of the particle-phase concentration to the
total (Fp = P/(G+P)), where P and G are the particle- and
gas-phase concentrations, respectively. On average, Fp of LA
and GA were 0.81 and 0.57, respectively, showing that a ma-
jor portion of these hydroxyacids were present in the partic-
ulate phase. In contrast, a major mass fraction of formic acid
(Fp = 0.04) and acetic acid (Fp = 0.06) were present in the
gas phase (Table 1).
The larger Fp for the measured hydroxyacids can be ex-
plained by relatively low vapor pressures of LA (1.1×
10−4 atm at 25 ◦C) and GA (5.3×10−4 atm at 25 ◦C), which
are substantially lower than those of C1 and C2 mono-
carboxylic acids (formic acid=5.6×10−2 atm and acetic
acid=2.1×10−2 atm at 25 ◦C). The larger fraction of LA
and GA in the particle phase is associated with the presence
of a hydroxyl group, which leads to the low volatility of the
compounds. Indeed, the addition of a hydroxyl group to alka-
noic acids is estimated to be effective in reducing saturated
mass concentration, thereby increasing the fraction in par-
ticulate phase (Yatavelli et al., 2014). Hawkins et al. (2010)
performed a positive matrix factorization analysis for submi-
cron particles collected in the southeast Paciﬁc and revealed
that the composition of the organic functional group identi-
ﬁed as marine sources was dominated by the hydroxyl group
(>70% by mass). The persistence of hydroxyl groups in ma-
rine aerosols is consistent with their low volatility.
3.3 Levels of lactic and glycolic acids in aerosols
During the entire sampling period, the concentrations of
LA in the particulate phase ranged between 0.3 and
216ngm−3, with an average of 24±46ngm−3. The aver-
age concentrations of aerosol LA (33±58ngm−3) and GA
(9±6ngm−3) during the MBA period were substantial and
signiﬁcantly larger than those during the LBA period (LA:
11±12ngm−3, GA: 5±3ngm−3). Enhanced concentra-
tions of LA and GA were mostly observed north of 43◦ N
(Fig. 1d), where marine biological activity was relatively
high (Chl a >0.5mgm−3). The average concentration of LA
was approximately half of the concentration of oxalic acid
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Table 1. Concentrations of lactic, glycolic, formic, and acetic acids together with their particle-phase fraction (Fp) during the periods when
more biologically inﬂuenced aerosols (MBAs) and less biologically inﬂuenced aerosols (LBAs) were observed aboard the R/V Hakuho-
Maru. The values are means with standard deviations in parentheses.
MBA LBA
Period 30 July–9 August 2008 9–19 August 2008
Gas∗ Particle∗ Fp Gas∗ Particle∗ Fp
Lactic acid 7.1(7.1) 33.1(58.4) 0.82(0.27) 3.5(3.0) 10.9(11.7) 0.76(0.31)
Glycolic acid 7.9(10.4) 8.5(5.6) 0.52(0.30) 1.4(1.9) 4.8(2.6) 0.77(0.31)
Formic acid 56.5(74.9) 3.2(4.6) 0.05(0.23) 52.5(72.9) 1.5(2.0) 0.03(0.27)
Acetic acid 141.7(82.4) 10.9(10.2) 0.07(0.25) 101.3(42.0) 4.7(7.2) 0.04(0.06)
∗ Units are ngm−3.
(44±19ngm−3), which was found to be the most abun-
dant diacid measured during the same cruise (Miyazaki et
al., 2010b). In particular, the concentration of LA was com-
parable to that of oxalic acid on 4–7 August (Fig. 2a), during
a period when the ship encountered phytoplankton blooms.
Of the hydroxymonocarboxylic acids, LA and GA have
previously been reported in ambient aerosols (Souza et al.,
1999; Graham et al., 2002). The concentrations of LA de-
tected over the North Paciﬁc during the MBA period were
comparable to those previously observed at pasture and for-
est sites in Brazil (∼10–22ngm−3) (Graham et al., 2002).
GA has been identiﬁed in biomass burning aerosols and has
also been suggested to be derived from biogenic emissions
(Souza et al., 1999). Altieri et al. (2009) suggested that GA
and other organic acids detected in rainwater are likely from
secondary atmospheric processes and are incorporated dur-
ing in-cloud or below-cloud scavenging. To our knowledge,
LA and GA detected in marine aerosol/gas are reported for
the ﬁrst time, the concentrations of which are comparable to
those reported for the terrestrial atmosphere.
3.4 Possible sources of lactic and glycolic
acids in marine aerosols
In general, the concentrations of LA and GA in the particu-
late phase displayed similar temporal variations to those of
oxalic acid and WSOC (Fig. 2). In particular, the concentra-
tionsofLAshowedapositivecorrelationwiththoseofoxalic
acid (r2 = 0.46), which points to a similar origin of LA and
oxalic acid in aerosols. Miyazaki et al. (2010b) suggested
that substantial fractions of oxalic acid in MBAs during the
same cruise were produced by the degradation of organic
precursors emitted by sea spray processes in oceanic regions
with high biological productivity. Contributions from anthro-
pogenic sources to the observed LA and GA were unlikely
because of the substantially low concentrations of elemental
carboninMBAs(28ngm−3)andLBAs(54ngm−3)together
with back trajectory analysis (Miyazaki et al., 2010a).
The elevated levels of LA and GA were observed to-
gether with high concentrations of chlorophyll a in seawa-
ter (Fig. 1a–c), suggesting that the production of LA and GA
was associated with marine biota. The concentrations of LA
in aerosol and Chl a in seawater displayed a positive corre-
lation (r2 = 0.40) as shown in Fig. 3a. The correlation coef-
ﬁcient is higher for the MBA data (r2 = 0.56). We can hy-
pothesize that the two most likely formation pathways to ac-
count for the presence of LA and GA in the marine atmo-
spheric aerosols are primary emissions of sea spray from the
oceansurfaceandformationbymarinemicrobialand/orpho-
tochemical processes (e.g., Vaïtilingom et al., 2013). Several
peaks of the Na+ concentrations accompanied the enhanced
concentrations of LA and GA (e.g., 31 July and 16–18 Au-
gust). When these spikes are excluded, however, the corre-
lations of LA and GA concentrations with local wind speed
and the Na+ concentrations are low (r2 <0.09). It should be
noted that the positive correlation between the LA (GA) and
chlorophyll a did not necessarily depend on the local wind
speeds (data not shown). This relationship, together with the
lower correlations of the LA and GA with local wind speed
and Na+, indicates that primary emissions from the sea sur-
face did not signiﬁcantly contribute to the observed LA and
GA.
Production of LA and GA in aerosol water associated with
microbial activity is very likely because some microorgan-
isms produce LA and GA (Kataoka et al., 2001; Raja et al.,
2008). Cabredo et al. (2009) reported that LA bacteria (lac-
tobacillus), which produce LA as the major metabolic end
product of carbohydrate fermentation, accounted for ∼21%
of total airborne bacteria. In fact, the majority of the submi-
cron OA mass over the North Atlantic and Arctic oceans was
shown to be composed of carbohydrate-like compounds con-
taining hydroxyl groups from primary emissions of the ocean
(Russell et al., 2010). GA can be produced by photorespira-
tion in marine bacteria (Steinberg and Bada, 1984). These
previous studies support microbial production of aerosol LA
and GA as the product of fermentation of carbohydrates and
glycolysis. Moreover, C12–C24 monocarboxylic acids are
found in marine phytoplankton (e.g., Peltzer and Gagosian,
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Figure 1. Time series of the concentrations of (a) lactic acid and (b)
glycolic acid in the particle (p) phase and the sum of gas and par-
ticle (g +p) phases, (c) Chl a concentrations in seawater and Na+
concentrations in aerosols, (d) ambient temperature and relative hu-
midity, and (e) the ship position (latitude and longitude) during the
R/V Hakuho-Maru cruise. See the text for the deﬁnition of MBA
(30 July–7 August 2008) and LBA (9–19 August 2008) periods.
The y axis of (a) is plotted on a log scale.
1989), and these fatty acids may be degraded to form LA and
GA in aerosols after emissions from the sea surface.
It is noted that ambient relative humidity (RH) reached
over 85% during most of the study period, with an average of
94±6% (Fig. 1d). The larger concentrations of LA and GA
with high Fp (>0.80) were observed at RH>90% (Fig. 4)
when aerosol liquid water content (LWC) is sensitive to RH
and is expected to be high (e.g., Liu et al., 2012). High RH
(i.e., aerosol LWC) might be favorable to the production of
LA and GA in aerosol associated with microbial activity. LA
can be further transformed by microbial metabolism to pro-
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Figure 3. Concentrations of (a) lactic and (b) glycolic acids in the
particulate phase as a function of Chl a concentrations in seawater
for more biologically inﬂuenced aerosols (MBAs) and less biologi-
cally inﬂuenced aerosols (LBAs).
duce organic compounds such as pyruvate and lactaldehyde
in the case of cloud water (Amato et al., 2007).
The average LA concentration in daytime samples
(37±68ngm−3) was substantially larger than that in night-
time samples (11±11ngm−3). The difference in the con-
centrations suggests that LA was likely to be formed lo-
cally over the oceanic region, although the exact mechanism
is not clear. In fact, LA with higher concentrations in day-
time than nighttime was also reported for rain samples (Av-
ery et al., 2001). In contrast, the difference between daytime
concentrations (7±4ngm−3) and nighttime concentrations
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Figure 4. Concentrations of (a) lactic and (b) glycolic acids in the
gas and particle (g+p) phases as a function of relative humidity for
MBAs and LBAs. The y axis is plotted on a log scale.
(6±4ngm−3) of GA was rather small. Moreover, the corre-
lation between the concentrations of GA and in situ chloro-
phyll a (r2 = 0.10) was less signiﬁcant (Fig. 3b). These re-
sults indicate that formation processes of GA including the
timescale are different from those of LA, and that GA may
have been also produced during the transport to the sampling
location, precursors of which were emitted over oceanic re-
gion upwind.
In summary, our data point to formation processes for LA
and GA in the aerosol from marine biota, most likely asso-
ciated with marine microbial activity as well as photochem-
istry.Althoughwedidnotidentifythetypesofmicrobessuch
as bacteria (e.g., Burrows et al., 2009; DeLeon-Rodriguez
et al., 2013) which may contribute to the production of LA
and GA, the detailed mechanisms of the production asso-
ciated with microbial activity should be investigated in fu-
ture studies. LA, GA, and other hydroxyacids can be in-
volved in acid- or radical-catalyzed esteriﬁcation of organic
acids, which leads to the production of oligomers (Altieri et
al., 2009). Therefore, we propose that these low-molecular-
weight hydroxyacids detected in the biologically inﬂuenced
marine aerosols are key intermediates for understanding the
additional sources of marine OA. Our ﬁnding highlights the
importance of hydroxyacids in marine aerosols produced by
marine microbial processes, which may be involved in the
formation of cloud particles in the marine atmosphere.
4 Conclusions
Particle and gas phases of LA and GA were identiﬁed
in marine atmospheric samples obtained in the MBL over
the western subarctic North Paciﬁc. On average, 81 and
57% of the LA and GA mass, respectively, were present
in the particulate phase. The large fraction of the particu-
late phase is attributable to the presence of a hydroxyl group
in these molecules lowering the volatility of these hydroxy-
acids. The average concentration of LA in more biologically
inﬂuenced marine aerosols (33±58ngm−3) was substan-
tially higher than that in less biologically inﬂuenced aerosols
(11±12ngm−3). Over the oceanic region of phytoplankton
blooms, the concentration of LA in aerosol was comparable
to that of oxalic acid. We found a positive correlation of the
LA concentrations in aerosols with Chl a in seawater and
ambient relative humidity, suggesting an important produc-
tion of aerosol LA possibly associated with microbial activ-
ity. Our ﬁnding provides a new insight into the poorly quan-
tiﬁed microbial sources of marine OA. The ﬁnding points to
the importance of ocean-derived low-molecular-weight hy-
droxyacids, which are key intermediates for OA formation in
the marine atmosphere.
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